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Ocean thermal energy conversion is a new energy technology that utilizes the temperature difference conditions of seawater to generate electricity. This paper focuses on the closed cycle of ocean thermal energy conversion using ammonia as the working fluid. Based on pressure energy utilization devices such as pressure exchangers, hydraulic turbines, and ejectors, three methods are proposed to recover and utilize the pressure energy of the lean ammonia solution, in order to improve the thermal efficiency and systematic performance. By analyzing and comparing the performance of the cycle, it can be concluded that all three methods can achieve a utilization of pressure energy, and under the same conditions, the highest thermal efficiency of the ejector cycle is 5.71%.
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1 INTRODUCTION
According to the 2017 Greenhouse Gas Bulletin of the World Meteorological Organization, global carbon emissions reached their peak in nearly 800,000 years in 2016. How to reduce global carbon emissions and control climate issues such as global warming has become a common challenge faced by all humanity. And the world’s energy shortage is escalating. Improving energy structure and increasing the proportion of new energy in energy consumption is urgent (Zhang et al., 2019). Ocean thermal energy conversion refers to the thermal energy generated by the temperature difference between the surface seawater and the deep cold seawater (Zhai, 2021). Ocean thermal energy is the largest reserve of marine renewable energy, with a global total of approximately 40 billion kW (Dashu, 2019), and the total amount of usable ocean thermal energy is relatively large, about 1 × 108 kW, only next only to wave power resources, and is one of the most promising marine energy (Liu et al., 2020; Faizal and Ahmed, 2011; Esteban and Leary, 2012).
The fundamental premise of the ocean thermal energy conversion (OTEC) technology is to heat up and evaporate a working liquid, then the created steam boosts the turbine to spin and generate electricity using surface warm ocean water (25°C–30°C). The thermodynamic cycle is completed after the fluid is condensed again to a liquid state by the temperature of a deep cold-water source (4°C–6°C). Nowadays, research on OTEC mainly focuses on aspects such as different OTEC cycles, efficient and compact heat exchangers, turbine expanders, working fluid types, economic analysis, and off-design performance (Yang et al., 2022).
The Rankine cycle is the simplest and most widely used thermodynamic cycle (Imran et al., 2014; Wang, 2016). The Rankine cycle of ocean thermal energy conversion uses pure substances as working medium (Deng et al., 2014), and its isothermal evaporation or condensation will cause significant irreversible losses, and the improvement of systematic performance is limited. The earliest marine thermoelectric power generation cycle is based on the Rankine cycle and is still used in marine thermoelectric power generation devices. In 1984, Kalina proposed a new power cycle-Kalina cycle (Kalina, 1984), which uses ammonia water mixture as working medium. The efficiency of Kalina cycle is 1.6–1.9 times higher than that of Rankine cycle. In 1994, Professor Uehara of Saga University in Japan proposed a new closed thermoelectric power generation cycle system-Uehara cycle (Uehara et al., 1998). The Uehara cycle includes a work cycle and a separation/absorption cycle, and its thermal efficiency is 1%–2% higher than that of Kalina cycle (Bin, 2020). In 2012, a new cycle system was proposed by the First Institute of Oceanography, State Oceanic Administration (now the First Institute of Oceanography, MNR) called the Guohai cycle. Up to now, the ocean crossing cycle has the highest thermal efficiency, about 5.1%, and the Rankine cycle has the lowest, only 3.1% (Liu et al., 2012).
The first Institute of Oceanography of the Ministry of natural resources of China has established a set of 15 kW indoor test platform (Chen and LiuLei, 2021; Chen et al., 2019), using the complete Rankine cycle results, and the circulating working fluid is ammonia. The cold source of the laboratory uses normal temperature water, and the heat source uses high-temperature gas to heat the seawater, but the simulated temperature of the surface seawater and deep seawater used in the experiment are higher than the actual sea state (Peng et al., 2018; Liu, 2014). Fan et al. (2024) Proposed the dynamic model of OTEC heat transfer and power generation based on Kalina cycle, and carried out the experimental verification of 30 kW Kalina cycle. Chen et al. (2024) added a secondary heat recovery device and built and analyzed a 10 kW OTEC experimental system. Hu et al. (2023) and others built an OTEC device based on ORC, and conducted experimental research on the performance of the device under design and off design conditions.
In the ocean thermoelectric power generation cycle, the commonly used nonazeotropic working medium is ammonia-water working fluid. However, the flow rate of the high-pressure lean ammonia solution after being subjected to the separator is large, and it has a large pressure difference from the low-pressure condenser. If the pressure energy contained in this pressure difference can be effectively utilized, it will be an efficient way of improving the system efficiency of a thermal cycle (Liu et al., 2022). In current research on temperature difference energy cycling, the ejector could achieve a utilization of pressure energy. German scholars G. Zezuner and M. Rankine began to study the ejector at the end of the 19th century (Han, 2012). In 2012, Li Xinguo of Tianjin University and others introduced an ejector and a two-stage evaporator, and designed a new cycle (Li et al., 2012). The cycle net output work is greater than the basic Rankine cycle, while the thermal efficiency is less than the Rankine cycle. In 2012, Yuan et al. (2013) of Ocean University of China introduced a liquid-gas ejector to reduce the outlet pressure of the turbine based on the Kalina cycle, used a reheater to improve the output power of the turbine, and the dual turbine made better use of the heat of ammonia. The theoretical cycle efficiency exceeded 5.3%. In 2015, Lee et al. (2015) and others proposed the idea of applying gas ejector to the thermal cycle of Marine energy, and proposed the gas-gas ejector Marine energy thermal cycle. The cyclic use of the ejector reduces the pressure at the turbine outlet and increases the output power of the screen (Lim et al., 2019). After calculation, when the initial mass flow rate separated by the separator is 0.5, the cyclic efficiency can reach 2.47%. In 2017, Miljkovic introduced an ejector (Miljkovic, 2017) in the basic Rankine cycle and designed a new cycle, which drives part of the working fluid from the condenser outlet into the ejector, and the pressure at the turbine outlet was reduced. The efficiency of this cycle is 3.057%.
At present, the research on pressure exchanger and hydraulic turbine has not been applied in the field of OTEC, but has been studied and verified in other research fields. Yuncang et al. (2000) used computational fluid dynamics (CFD) method to simulate the flow field of pressure exchanger under different inlet and outlet pipe radius R and different rotating speeds. Based on the experimental study of self driving rotary pressure exchanger, Wang (2011) designed and established the energy recovery device model of external driving rotary pressure exchanger (pd-rpe) by using external power to drive the rotor for the first time; It provides relevant test basis for the design and improvement of self driving rotary pressure exchanger. Huomujie (Fang and Ma, 2018) et al. Used the external drive rotary pressure exchanger as the research object, the numerical simulation method was used to simulate the turbulent dissipation rate of the model. Wangxinhua (Chang, 2006) briefly described the engineering application, turbine structure and energy recovery device form of energy recovery hydraulic turbine, and discussed the selection, optimization design, speed stability control, mechanical properties and strength of energy recovery hydraulic turbine. In order to study the transient flow characteristics of axial flow pump as hydraulic turbine in runaway process, Miao senchun (Mujie et al., 2021) used the user-defined function in fluent software to simulate the runaway process based on the flow control equation and RNG K - ε turbulence model, and analyzed in detail the variation of its external characteristic parameters, pressure fluctuation characteristics, and the influence of different flow conditions and impeller moment of inertia on the speed.
Enhancing the efficiency of OTEC is a crucial facet of harnessing ocean thermal energy. Although numerous scholars have made significant advances, particularly in heat energy utilization, the pressure energy inherent in high-pressure lean ammonia solutions remains a significant concern. Therefore, this paper centers on the recuperation of the pressure energy in high-pressure weak ammonia solution, advocating the use of pressure exchangers, hydraulic turbines, and ejectors to rebound and apply pressure energy in the cyclic process, which is to elevate the overall thermal efficiency and system performance of the OTEC cycle.
2 PRESSURE ENERGY UTILIZATION CYCLE
2.1 Pressure exchanger cycle
2.1.1 Principle of cycle
The pressure exchanger cycle is an operational method that aims to optimize the utilization of pressure energy from the lean ammonia solution within the cycling loop by adding a pressure exchanger. The principle is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Pressure exchanger cycle system.
This cycle system mainly includes devices such as preheaters, regenerator, evaporator, separator, turbine, generator, absorber, condenser, working fluid pump, and pressure exchanger. Warm seawater from the ocean surface is heated in an evaporator and evaporates a certain concentration of ammonia solution-1, forming saturated ammonia vapor-2-and lean ammonia solution-3-with a certain mass concentration in the separator. Among them, ammonia vapor enters the turbine first, driving the impeller to rotate and do work, thereby driving the generator to work. Lean ammonia solution in the state of high-temperature and high-pressure passes through a regenerator first and its own heat is utilized to heat the basic working fluid-11-that enters the evaporator. After that, the pressure is transferred to warm seawater through a pressure exchanger. The exhaust gas-4-at the turbine outlet is mixed with the solution-6-from the pressure exchanger in the absorber to form ammonia solution-7. Ammonia solution-7-condenses in the condenser through cold seawater from deep ocean layers to become saturated ammonia solution-8. After the saturated ammonia solution is compressed in the pump, it passes through the preheater and regenerator in sequence to absorb the waste heat of warm seawater and the heat of lean ammonia solution, the next thermal cycle begins. In the pressure exchanger cycle system, the heat in the lean ammonia solution is utilized through a regenerator, and the heat absorption in the evaporator is reduced. A pressure exchanger is deployed to recover and utilize its pressure energy, the energy consumption of the warm sea water pump can be reduced, and the system efficiency can be improved.
2.1.2 Calculation process analysis
Taking the pressure exchanger cycle as an example, before starting the cycle process, the values of some parameters must be given. The concentration of ammonia solution is [image: image], the working pressure of the circulating evaporator is [image: image], the temperature of cold seawater at the inlet of the condenser is [image: image], the temperature of warm seawater at the inlet of the evaporator is [image: image], and the terminal difference between the evaporator and condenser is [image: image]. The turbine efficiency is [image: image]. The cycle calculation process is shown in Figure 2. The initial parameters of the cycle are shown in Table 1.
[image: Figure 2]FIGURE 2 | Flowchart of loop calculation.
TABLE 1 | Cycle initial parameters.
[image: Table 1]Thermodynamic parameters are the basic quantities used to characterize the state of matter. REFPROP (Lemmon et al., 2013) is a software developed by the National Institute of standards and Technology (NIST) of the United States, which is specially used to calculate the physical parameters of industrial fluids and their mixtures. The user can obtain the chart of the thermodynamic properties of the fluid through parameter settings, or access the corresponding thermodynamic parameters through program calls.
2.1.3 Thermodynamic model
In order to perform thermodynamic calculations on the cycle process, it is necessary to analyze the various equipment of the cycle and establish a reasonable thermodynamic mathematical model. The state parameters of the working medium at each point of the cycle are calculated according to the Equation of the state of the ammonia solution.
2.1.3.1 Evaporator
The thermodynamic process of the evaporator involves the absorption of heat from warm seawater by a saturated ammonia solution-11, reaching state point 1, as shown in Figure 1. The ammonia solution at point 1 separates the gas and liquid phases in the separator, so the working fluid at point 1 should be in the gas-liquid two-phase zone. At this point, the pressure at point 1 should be greater than the bubble point pressure of the working fluid to ensure gas precipitation. According to research (Wang and Liu, 2022), for low-temperature heat exchangers, the temperature between the cold and hot fluids inside the heat exchanger has a subtle difference, which can reduce losses during the heat exchange process and improve the quality of heat exchange. Therefore, in theoretical calculations, the heat transfer end difference of the evaporator is taken as 2°C (Miaosenchun, 2024).
Neglecting the heat loss during the heat exchange process of the evaporator, according to the energy conservation equation, there is:
[image: image]
In Equation 1 where [image: image] is the point 11 evaporator inlet working fluid mass flow rate, [image: image] is the point 1 evaporator outlet working fluid enthalpy value, [image: image] is the point 11 evaporator inlet working fluid enthalpy value, [image: image] is the warm seawater mass flow rate, [image: image] is the warm sea water specific heat, [image: image] is the temperature of seawater at the inlet of the evaporator, [image: image] is the temperature of seawater at the outlet of the evaporator.
At this point, the heat absorption capacity of the evaporator is:
[image: image]
In Equation 2 where [image: image] is the point 1 evaporator outlet working fluid mass flow rate, [image: image] is the point 2 mass flow rate of gas phase working fluid at turbine inlet, [image: image] is the point 2 enthalpy value of gas phase working fluid at turbine inlet.
2.1.3.2 Separator
Separation is carried out by using different mass of mixed components or particle sizes of dispersed systems. During operation, the wet vapor in the evaporator is separated into gas and liquid phases in the separator to ensure that the separated dry saturated vapor enters the turbine and prevent liquid from entering the turbine and causing cavitation on the blades.
The ammonia solution at point 1 is separated by a separator, as shown in Figure 1, to separate saturated ammonia gas-2-and saturated lean ammonia solution-3. According to the equation of conservation of solution mass:
[image: image]
In Equation 3 where [image: image] is the point 3 separator liquid phase outlet working fluid mass flow rate.
Conservation of ammonia mass in the separator,
[image: image]
In Equation 4 where [image: image] is the ammonia working fluid concentration.
Calculate the solution mass at points 2 and 3 in Figure 1. As shown in Equations 5, 6:
[image: image]
[image: image]
2.1.3.3 Turbine
The thermodynamic process of the working medium in the turbine is an isentropic expansion process, including as shown in Equation 7:
[image: image]
where [image: image] is the point 4 turbine outlet working fluid specific entropy value, [image: image] is the point 2 turbine inlet working fluid specific entropy value.
Calculate the thermodynamic parameters such as temperature and enthalpy of the exhaust gas at the turbine outlet point based on pressure [image: image] and entropy [image: image], as shown in Figure 1. The output power of the turbine is:
[image: image]
In Equation 8 where [image: image] is the specific enthalpy value of gas phase working fluid at the outlet of the turbine, [image: image] is the hydraulic turbine efficiency.
2.1.3.4 Absorber
In the absorber, the exhaust steam at the turbine outlet is absorbed by the lean ammonia solution and then enters the condenser. Separation is carried out by using different mass of mixed components or particle sizes of dispersed systems. During operation, the wet vapor in the evaporator is separated into gas and liquid phases in the separator to ensure that the separated dry saturated vapor enters the turbine and prevent liquid from entering the turbine and causing cavitation on the blades. Assuming that the inlet and outlet pressure of the absorber remains constant, there is:
[image: image]
In Equation 9 where [image: image] is the absorber outlet pressure, [image: image] is the turbine outlet pressure, [image: image] is the absorber inlet pressure.
During the mixing process, the mass of the solution is conserved, as shown in Figure 1:
[image: image]
In Equation 10 where [image: image] is the point 4 turbine outlet working fluid mass flow rate, [image: image] is the absorber inlet working fluid mass flow rate, [image: image] is the absorber outlet working fluid mass flow rate.
Ignoring energy loss, the enthalpy value at point 7 of Figure 1 can be calculated based on energy conservation:
[image: image]
In Equation 11 where [image: image] is the absorber inlet working fluid enthalpy value, Where [image: image] is the absorber inlet working fluid enthalpy value.
2.1.3.5 Condenser
The ammonia working fluid is condensed into a saturated liquid at the outlet of the condenser. As shown in Figure 1, other thermodynamic parameters can be determined based on the working fluid temperature and concentration at outlet 8. The working fluid undergoes energy exchange in the condenser, and the required cold seawater flow rate is calculated based on the energy conservation equation. The energy conservation formula in the condenser is:
[image: image]
In Equation 12 where [image: image] is the enthalpy value of the working fluid at the inlet of the point 8 working fluid pump, [image: image] is the cold seawater mass flow rate, [image: image] is the cold sea water specific heat, [image: image] is the temperature of seawater at the outlet of the condenser, [image: image] is the temperature of seawater at the inlet of the condenser.
2.1.3.6 Working fluid pump
The working fluid does not contain a gas phase at the inlet of the pump, which can avoid cavitation. Therefore, the working fluid in the circulating system is in the saturated liquid phase at the inlet of the pump, as shown in Figure 1. The thermodynamic process of working fluid in the pump is an adiabatic compression process, including:
[image: image]
In Equation 13 where [image: image] is the point 9 the specific entropy value of the working fluid at the outlet of the working fluid pump, [image: image] is the point 8 the specific entropy value of the working fluid at the inlet of the working fluid pump.
The power consumption of the pump is:
[image: image]
In Equation 14 where [image: image] is the mass flow rate of mixed solution at the inlet of the working fluid pump, [image: image] is the point 9 specific enthalpy value of working fluid at the outlet of the working fluid pump, [image: image] point 8 specific enthalpy value of working fluid at the inlet of the working fluid pump.
However, because the working fluid solution is in the liquid phase, its compressibility is very small. In general geothermal mechanics calculation, the compression work of the pump can be approximated to 0. During the calculation process, the pump power has a small impact on the performance of the cycle.
2.1.3.7 Preheater
Warm seawater is used to preheat refrigerant-9-compressed by the refrigerant pump, as shown in Figure 1. According to the conservation of energy, there is:
[image: image]
In Equation 15 where [image: image] is the mass flow rate of mixed working fluid solution at the inlet of preheater, [image: image] is the point 10 specific enthalpy value of working fluid at the inlet of the regenerator, [image: image] is the preheater inlet warm seawater temperature, [image: image] is the preheater outlet warm seawater temperature.
At this point, the heat absorbed by the working fluid in the preheater is:
[image: image]
In Equation 16 where [image: image] is the heat exchanger inlet working fluid mass flow rate.
2.1.3.8 Pressure exchanger
A pressure exchanger is a device that achieves energy recovery through the transfer of pressure energy between two different pressure fluids (Chang et al., 2006; Liu, 2005). Circulating through a pressure exchanger, the pressure energy of the high-pressure lean ammonia solution is transmitted to the low-pressure warm sea water. In the cycle, it is assumed that the pressure exchanger operates without heat loss and does not undergo heat exchange with seawater.
[image: image]
[image: image]
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In Equations 17–19 where [image: image] is the pressure exchanger inlet pressure, [image: image] is the liquid phase working fluid pressure at the outlet of the separator, [image: image] is pressure of working fluid at the outlet of the condenser, [image: image] is the pressure exchanger outlet pressure, [image: image] is the pressure exchanger inlet pressure.
2.1.3.9 Regenerator
The heat exchange process between lean ammonia solution and basic ammonia solution occurs in the regenerator. Among them, the high-temperature lean ammonia solution-3-of the separator heats the low-temperature basic solution-10-of the preheater to a saturated state-11, as shown in Figure 1, where the working fluid at point 11 is in its bubble point state. Assuming no pressure loss in the regenerator. According to the conservation of energy, there is:
[image: image]
In Equation 20 where [image: image] is the point 11 mass flow rate of working fluid at the outlet of the reheater, [image: image] is the Specific enthalpy value of working fluid at the outlet of the reheater, [image: image] is the point 3 separator liquid phase outlet working fluid mass flow rate, [image: image] is the specific enthalpy value of liquid phase working fluid at the outlet of the separator, [image: image] is the Pressure exchanger inlet working fluid mass flow rate, [image: image] is the Pressure exchanger inlet working fluid specific enthalpy value.
There is a countercurrent situation between the two fluids and there is no phase transition process involved. Therefore, according to the calculation formula of logarithmic mean temperature difference:
[image: image]
In Equation 21 where [image: image] is the logarithmic mean temperature difference, and the unit is K.
2.1.3.10 Seawater pumps
According to experience, it is assumed that the friction loss of the seawater pump is 4 [image: image]. After analyzing and determining the friction loss in the process of seawater flow, the power consumption calculation formula of the corresponding warm seawater and cold sea water pumps is:
[image: image]
[image: image]
In Equations 22, 23 where [image: image] and [image: image] is the volumetric flow rates of warm and cold seawater and the unit is m3, [image: image] is the friction loss in seawater pump, [image: image] is the Seawater pump efficiency, and the unit is m; [image: image] and [image: image] is the mass flow rates of warm and cold seawater, and the unit is kg/s.
2.1.4 Thermodynamic performance indicators
To evaluate the energy output of a thermal cycle, the net output power of the cycle can be calculated from as shown in Equation 24:
[image: image]
The thermal efficiency of a cycle is a significant parameter for evaluating the cycle. Based on the previous analysis, we can obtain the circulating heat absorption Q. The thermal efficiency of the cycle is calculated according to the net output and heat absorption of the cycle as shown in Equation 25:
[image: image]
The system efficiency calculation of the cycle is obtained based on the net output [image: image] and heat absorption [image: image] of the system as shown in Equation 26:
[image: image]
2.2 Hydraulic turbine cycle
2.2.1 Principle of cycle
The hydraulic turbine cycle achieves recovery and utilization of pressure energy in lean ammonia solution through the work done by the hydraulic turbine. The hydraulic cycle system is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Hydraulic turbine cycle system.
In the hydraulic turbine cycle, the lean ammonia solution-3-in the separator first passes through a regenerator to heat the basic ammonia working fluid-11. After that, high-pressure lean ammonia solution-5-drives the impeller to rotate in the hydraulic turbine, thereby driving the generator to work. The poor ammonia solution-6-after work is mixed with the exhaust gas-4-from the turbine, and condensation occurs in the condenser. The remaining thermal processes of the hydraulic turbine cycle are the same as those of the pressure exchanger cycle. In the hydraulic turbine cycle, the recovery and utilization of pressure energy in lean ammonia solution is mainly achieved through the work done by the hydraulic turbine, thereby improving the output work of the cycle and improving the thermal efficiency of the cycle.
2.2.2 Thermodynamic model
2.2.2.1 Hydraulic turbine
As an energy recovery device, hydraulic turbines can convert energy from fluid working fluids into mechanical energy (Yang et al., 2011). In the cycle, the hydraulic turbine converts the high-pressure potential energy of the lean ammonia solution into mechanical energy, and the main shaft of the hydraulic turbine drives the generator to generate electricity, thereby achieving the recovery and reuse of residual pressure energy in the lean ammonia working fluid, as shown in Figure 2. The calculation formula for the work done by a hydraulic turbine is:
[image: image]
In Equation 27 where [image: image] is the hydraulic turbine efficiency, [image: image] is the working fluid density.
2.2.3 Calculation process analysis
The calculation process of the hydraulic turbine cycle is basically the same as that of the pressure exchanger cycle. The difference lies in that, as shown in Figure 3, the lean ammonia solution pushes the impeller to do work [image: image] in turbine 2 (hydraulic turbine), and the output work of the cycle increases. The parameters in the point 5 are calculated based on the conservation of energy in the regenerator, and [image: image] is calculated from the changes in enthalpy before and after work is done. Then, the state parameters of point 6 are determined based on pressure conditions. The calculation process of the state parameters at other points is similar to that of the pressure exchanger cycle.
2.3 Ejector cycle
2.3.1 Principle of cycle
The difference between the ejector cycle and the abovementioned two cycle systems is that the ejector cycle system does not have an absorber. The ejector replaces the hydraulic turbine in the hydraulic turbine cycle and achieves the mixing of lean ammonia solution-5-and exhaust gas-2. In the ejector cycle, the lean ammonia solution-5-flowing out of the regenerator is the working fluid of the ejector, which mixes with the exhaust gas from the turbine in the ejector. The mixed working fluid-6-enters the condenser for condensation. The remaining thermodynamic processes of the ejector cycle are consistent with the abovementioned two cycles. The principle of the ejector cycle system is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Ejector cycle system.
In the ejector cycle system, the ejector plays a crucial role in improving system performance. The working principle of the ejector shows that the high-pressure lean ammonia solution passing through the ejector can cause a decrease in the pressure of the exhaust gas at the inlet of the ejector, increase the working pressure difference of the turbine, and increase its output power.
2.3.2 Thermodynamic model
2.3.2.1 Ejector
The mass ejection coefficient [image: image] is an important parameter for analyzing the performance of an ejector. In the ejector cycle, the mass flow rates of ammonia gas and lean ammonia solution are obtained from the conservation of mass in the separator. The calculation formula for its mass ejection coefficient [image: image] is:
[image: image]
In Equation 28 in the formula, [image: image] is the mass flow rate of lean ammonia solution, [image: image] is the mass flow rate of ammonia gas.
Bashenov proposed through experiments that the relationship between the pressure of the liquid-gas ejector and the optimal ejection coefficient u be calculated using the following formula (Lu, 2004):
[image: image]
In Equation 29 in the formula, [image: image] is the pressure of the working fluid, [image: image] is the pressure of the ejected fluid, [image: image] is the saturated vapor pressure of mixed fluid at operating temperature [image: image], [image: image] is the pressure of mixed fluid, [image: image] is the density of the working fluid, [image: image] is the temperature of the working fluid, [image: image] is the gas constant.
The pressure drop of the ejector is a parameter that represents the characteristics of the ejector, and its calculation formula is shown in Equation 30:
[image: image]
During the operation of the ejector, energy dissipation is ignored, and its mixing process follows the principle of energy conservation, as shown in Equation 31, Figure 3:
[image: image]
2.3.3 Calculation process analysis
In the calculation of the ejector cycle, there is a slight difference from the above process, as shown in Figure 4. Before determining the point 4 exhaust gas parameters, the mass ejection coefficient of the ejector should be determined based on the mass flow rate of the lean ammonia solution and ammonia gas. Then, the pressure of the inlet exhaust gas in the ejector should be determined based on the relationship between pressure and ejection coefficient. The exhaust gas pressure and entropy value are determined, and other thermodynamic parameters are obtained according to the parametric equation of the ammonia solution state. Finally, the enthalpy value at point 6 is determined based on energy conservation.
3 SYSTEM SIMULATION AND ANALYSIS
Based on the cycle process and thermodynamic analysis of each equipment in the previous section, this section conducts thermodynamic analysis of the cycle system. After calculation, the mass flow rate of the circulating working fluid in the system is 1 kg/s. The net output work of the cycle is the work done by the turbine minus the work done by the working fluid pump, excluding the work done by the seawater pump.
To simplify the calculation process, the following assumptions are made for each circulation system:
(1) Neglecting the heat loss of working fluids in evaporators, condensers, etc.;
(2) Ignore the friction loss of working fluid flowing in the evaporator, condenser, etc.;
(3) The outlet solutions of the regenerator and condenser are all saturated liquids.;
(4) The heat exchange terminal difference for the evaporator and condenser is 2°C.
3.1 Determination of off design conditions
Key parameters for different cycle operations include the mass concentration of ammonia in the solution, the inlet temperature of warm and cold seawater, and the working pressure of the cycle. In order to determine the operating conditions for cyclic operation, taking the South China Sea area as an example, based on the changes in surface seawater temperature, the range of warm seawater is selected to be 21°C–28°C. At the same time, the temperature range of cold seawater is selected to be 4°C–7°C. In the process of cycle calculation, if the ammonia mass concentration is too low, it will cause the temperature difference between the two ends of the regenerator to be too small when the temperature of the warm seawater is low, resulting in large area of the regenerator and difficulty in realizing the heat exchange process. At the same time, in order to facilitate comparative analysis of the circulation process within the selected temperature range of warm seawater, the range of ammonia mass concentration was selected from 0.90 to 0.97.
The three different cycles are designed to reasonably utilize the ammonia vapor and lean ammonia solution separated from the ammonia water working medium during the cycle process. In order to ensure that the solution from the outlet of the evaporator can separate saturated vapor and saturated solution, it is necessary to keep the solution in the gas-liquid two-phase zone. In other words, the pressure of the solution from the outlet of the evaporator should be lower than the bubble point pressure of the solution. Based on the state equation of ammonia aqueous solution, the bubble point pressure under different temperatures and ammonia mass concentration could be determined via corresponding thermodynamic parameter calculation software. The results are shown in Figure 5 that as the temperature of warm seawater and the mass concentration of ammonia working fluid increase, the bubble point pressure also goes the same. When the mass concentration of the working medium is 0.90 and the temperature of warm seawater is 21°C, the bubble point pressure of the solution is 747.59 kPa. Therefore, in order to set the same pressure condition in the comparison of cycles under different operating conditions, the working pressure is selected to be 700 kPa.
[image: Figure 5]FIGURE 5 | The relationship between bubble point pressure, warm seawater temperature, and working fluid concentration.
3.2 Setting of basic parameters in different cycles
The parameters of each state point in the loop need to be determined based on the known parameters of the calculation process. The features of ammonia water working medium in the cycle were firstly obtained by referencing REFPROP 9.0 and finally determined by writing a calculation program on MATLAB. In the calculation, to make the comparisons of different cycles valid, basic parameters need to be set. In the research mentioned above, it can be concluded that the lower the temperature of the cold seawater, the higher the temperature of warm seawater, and the higher the mass fraction of working fluid, the greater the net output power of the cycle will be. Therefore, the corresponding basic parameters selected are shown in Table 2.
TABLE 2 | Basic parameter settings for loops.
[image: Table 2]3.3 Effects of temperature on different cycles
This section discusses the effects of seawater temperature changes on the net output power and thermal efficiency in three different cycles, with an ammonia concentration of 0.9 in the aqueous solution, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | (A) Pressure exchanger cycle. (B) Hydraulic turbine cycle. (C) Ejector cycle. The effect of temperature changes on the net output power and thermal efficiency of different cycles.
3.3.1 Net output power of different cycles
In the three cycles, the net output power increases along with the seawater temperature, and the operation of the water turbine is the main factor influencing the net output power, which is related to the state and mass flow rate of gaseous ammonia at the inlet and liquid ammonia at the outlet. The rising of warm seawater temperature increases the enthalpy value of gaseous ammonia at the steam turbine inlet and, in the meantime, uplifts gaseous ammonia quality subjected to the separator and the net output power. Among the three cycles, in warm seawater at 21°C, the ejector cycle has the highest output power, while at other temperatures, their output power is roughly the same.
3.3.2 Thermal efficiency of different cycles
In the three cycles, the thermal efficiency of the pressure exchanger cycle and the hydraulic turbine cycle correspondingly increases with the temperature of the seawater; the lower the temperature of cold seawater, the higher the thermal efficiency. At a certain concentration of ammonia and the same temperature as cold seawater, the thermal efficiency correspondingly increases with the temperature of warm seawater. The reason is that when the temperature of the warm seawater increases, the usable temperature difference within the cycle also goes the same, leading to a higher amount of heat being absorbed by the evaporator. With a higher amount of ammonia vapor being separated by the separator, the enthalpy value of the ammonia vapor at the turbine inlet also rises, bringing a higher amount of work being produced by the turbine, ultimately resulting in an increase in thermal efficiency. Taking the pressure exchanger cycle as an example, when the mass concentration of ammonia is 0.9, the temperature of cold seawater is 4°C, and the temperature of warm seawater changes from 21°C to 24°C, the thermal efficiency increases from 2.99% to 3.22%, which increases rapidly. After that, the thermal efficiency increases slowly. In the cycle, the lower the temperature of cold seawater, the higher the corresponding thermal efficiency. Taking the temperature of warm seawater at 28°C as an example, when the temperature of cold seawater increases from 4°C to 7°C, the thermal efficiency decreases from 3.28% to 2.42%, a decrease of 26%. The thermal efficiency of the ejector cycle decreases with the increase of the temperature of the seawater, mainly because the increase in heat absorption power in the cycle is greater than the increase in the net output power of the cycle, resulting in a decrease in thermal efficiency while the net output of the cycle increases. Taking the temperature of cold seawater at 6°C as an example, when the temperature of warm seawater increases from 21°C to 28°C, the heat absorption power increases from 481.42 kW to 845.81 kW, an increase of 76%; The net output power increased from 14.16 kW to 24.05 kW, an increase of 70%, which is less than the increase in heat absorption, resulting in a decrease in cycle thermal efficiency.
3.4 Effects working medium concentration on circulation
In different situations, the lower the temperature of cold seawater, the higher the thermal efficiency. Therefore, in the subsequent analysis process, the temperature of the cold seawater was determined to be 4°C. Figure 7 shows the effect of working fluid concentration changes on the net output power and thermal efficiency when the cold seawater temperature is 4°C in the three cycles.
[image: Figure 7]FIGURE 7 | (A) Pressure exchanger cycle. (B) Hydraulic turbine cycle. (C) Ejector cycle. The effect of working fluid concentration changes on the net output power and thermal efficiency of different cycles.
3.4.1 Net output power of different cycles
Under the conditions of different seawater temperatures, the higher the ammonia mass concentration, the higher the net power output of the cycle. The main reason is that the ammonia becomes denser leading to an increase in the quantity and power of the ammonia gas in the cycle. In the comparison of the three cycles, the net power output of the pressure exchanger cycle is relatively low, and the output power of the hydraulic turbine cycle is lower when the working fluid concentration is low. As the working fluid becomes more concentrated, the output power increases, as well. When the concentration of the working medium is relatively low, the ejector cycle has the highest output power in the three cycles, but as the working medium becomes denser, the increasing rate in net output power slows down.
3.4.2 Thermal efficiency of different cycles
At different temperatures of warm seawater and a circulating pressure of 700 kPa, an optimal ammonia mass concentration corresponding to the maximum thermal efficiency of the cycle exists. The higher the temperature of warm seawater, the smaller the value of the optimal ammonia mass concentration, and the higher the thermal efficiency. When the temperature of cold seawater is 4°C and the temperature of warm seawater is 28°C, the thermal efficiency of the pressure exchanger cycle at 0.777 ammonia mass concentration is 4.28%. When the temperature of warm seawater is 21°C, the optimal ammonia mass concentration corresponding to the cycle is 0.908, and the thermal efficiency is 3.00%. In a hydraulic turbine cycle, when the temperature of the circulating seawater is 28°C, the optimal mass concentration of the working fluid is 0.775, corresponding to a maximum thermal efficiency of 4.37%; When the temperature of the seawater is 21°C, the optimal mass concentration of the working fluid is 0.904, corresponding to a maximum thermal efficiency of 3.03%. In the ejector cycle, the maximum thermal efficiency is 5.71% when the temperature of the seawater is 28°C, and the working fluid concentration is 0.761. The pressure drop of the ejector is 80 kPa. Due to the temperature difference conditions of the regenerator, the ammonia mass concentration cannot be further reduced when the temperature of the seawater is low. Therefore, within this range, the thermal efficiency decreases with the increase of ammonia mass concentration. Therefore, among the three cycles, the ejector cycle has the highest thermal efficiency.
3.5 The effect of circulating pressure on the differnet cycles
3.5.1 Net output power of turbine in different cycles
Figure 8 shows the relationship between the circulating pressure changes and the output power of turbines in different cycles, where it can be seen that turbine output power in the three cycles shows a trend of initially increasing and subsequently decreasing, corresponding to the increase of pressure, and a maximum power value exists. However, the turbine output power of the ejector cycle is consistently higher than the other two cycles. The calculation process assumes that the mass flow rate of the solution is 1 kg/s. The flow rate of the lean ammonia solution through the hydraulic turbine device is relatively small, therefore it does less work, making its turbine output power slightly greater than that of the pressure exchanger cycle. In the ejector cycle, a significant pressure drop and turbine pressure difference increase were caused by the ejector, resulting in a turbine output power greater than that of the pressure exchanger cycle and the hydraulic turbine cycle.
[image: Figure 8]FIGURE 8 | The effect of circulating pressure changes on the output power of different cycles.
3.5.2 Thermal efficiency in different cycles
The effect of circulating pressure changes on thermal efficiency is shown in Figure 9. For three different cycles, in each cycle, under the same pressure, the same amount of heat is absorbed. When the circulating pressure changes, the turbine output power of the pressure exchanger cycle and the hydraulic turbine cycle are similar, so their thermal efficiency curve changes show a similar trend of initially increasing and subsequently decreasing correspond to the increase of circulating pressure, and the thermal efficiency of the hydraulic turbine cycle is slightly higher than that of the pressure exchanger cycle. In the ejector cycle, the turbine output power is significantly higher than the other two cycles, so its thermal efficiency is always higher than that of the pressure exchanger cycle and the hydraulic turbine cycle.
[image: Figure 9]FIGURE 9 | The effect of circulating pressure on the thermal efficiency of different cycles.
3.5.3 System efficiency of different cycles
For ocean thermoelectric power generation devices, the seawater flow rate is much greater than the mass flow rate of the working fluid, and the transportation of seawater consumes a lot of energy. Hence, to thoroughly assess the system efficiency of the cycle, it is necessary to consider the pump power of both the cold and warm seawater.
Based on the previous analysis, the efficiency of the seawater pump is selected to be 80%. Given the frictional resistance during the transportation process of the cold seawater pump and the pressure loss of the warm and cold seawater pumps, the work done by the seawater pump can be determined from the calculation formula of pump work. The system efficiency comparison of each cycle is shown in Figure 10.
[image: Figure 10]FIGURE 10 | The effect of circulating pressure changes on the system efficiency of different cycles.
From Figure 10, the system efficiency of the ejector cycle is not the highest. Under the same pressure, the system efficiency of the pressure exchanger cycle is greater than that of the other two cycles. In the three cycles, the heat absorption power increases correspondingly with the circulating pressure, the required warm seawater flow rate increases, and the consumed power of the seawater pump also increases. In Figure 10, the turbine output power of each cycle exhibits a pattern of increase followed by a decrease in each cycle. Consequently, the system efficiency experiences an initial increment and subsequently a decrement. At the same time, the system efficiency takes into account the consumption of seawater pumps, so it changes more significantly than the thermal efficiency. The system efficiency of the pressure exchanger cycle is always higher than the other two cycles, with the main difference being the different flow rates of cold seawater required for the cycle. At the same time, the pressure exchanger reduces the power consumption of the warm seawater pump, increasing system efficiency. When the circulating pressure is low, the pressure difference before and after being subjected to the pressure exchanger can be utilized is not significant, so the system efficiency is not significantly different from the other two cycles. Under the conditions of the same seawater temperature and working fluid concentration, the maximum system efficiency of the pressure exchanger cycle, hydraulic turbine cycle, and ejector cycle are 3.97%, 3.43%, and 3.58% respectively.
3.6 Comparison of cycle systems
To verify the high efficiency of the proposed cycle system, three new cycles were compared with the Rankine cycle, as shown in Table 3. It can be seen that the thermal efficiency of the three pressure energy utilization cycle systems is higher than that of Rankine cycle when the temperature of warm seawater is 28°C, the temperature of cold seawater is 4°C, and the cycle pressure is 700 kPa under the same working conditions. Through the use of pressure energy, the efficiency of the three cycles is improved compared with Rankine cycle, and the ejector cycle has the highest efficiency, which can reach 5.71%.
TABLE 3 | Cycle comparison.
[image: Table 3]4 CONCLUSION
This article proposes three different ways to recover and utilize the pressure energy of lean ammonia solution in the closed cycle of ocean thermal energy conversion. A thermodynamic cycle model is established by analyzing the cycle process, and the variation laws of various cycle parameters under different operating conditions are analyzed. Therefore, based on the efficiency changes throughout the entire cycle system, the following conclusions have been drawn:
(1) For the pressure exchanger cycle system, under the given ammonia mass concentration, cold seawater temperature, and circulating pressure, when the temperature of warm seawater changes from 21°C to 28°C, the net output power of the cycle increases from 27.22 kW to 31.35 kW, and the thermal efficiency increases from 2.65% to 2.71%, the net output work and thermal efficiency are consistent, and all increase with the increase of warm seawater temperature.
(2) The hydraulic turbine cycle system resembles the pressure exchanger cycle system, and the influence of parameter changes on the cycles is similar. From the previous analysis, it can be concluded that when the ammonia mass concentration is constant, the temperature of warm seawater changes from 21°C to 28°C, the net output power of the cycle increases from 14.89 kW to 28.15 kW, and the thermal efficiency changes from 3.03% to 3.29%, both increase correspondingly with the temperature of the warm seawater. When the temperature of the warm seawater is constant, the cycle net output power shows a trend of initially increasing and subsequently decreasing, corresponding to the increase of ammonia mass concentration, and the thermal efficiency decreases with the rise of ammonia mass concentration. Under different conditions, an optimal pressure value exists that can maxmize the net output power and thermal efficiency respectively.
(3) For the ejector cycle, given the mass concentration of the working fluid, the temperature of the seawater increases from 21°C to 28°C, the net output power of the cycle increases from 14.16 kW to 24.05 kW, it increases correspondingly with the temperature of the seawater, while the thermal efficiency decreases accordingly. At different warm seawater temperatures, its thermal efficiency corresponds to a suitable mass concentration to obtain the maximum value, and the net output power of the cycle increases correspondingly with the mass concentration.
(4) Through performance analysis and comparison of the cycle, it can be concluded that all three methods can achieve the utilization of pressure energy, and under the same conditions, In the three cycles, the turbine output power and thermal efficiency of the ejector cycle are greater than those of the other two cycles, the highest thermal efficiency of the ejector cycle is 5.71%.
Due to time and other constraints, the experiment could not be carried out as scheduled, and many future works need to be further carried out: Conduct experimental research, measure the values of each key point, obtain the experimental data of the system cycle, and obtain the impact of changes in operating parameters on the experimental system. Compare the experimental data with theoretical calculations, compare the differences between the process under actual operating conditions and the cyclic model, and use them to modify and improve the mathematical model in theoretical analysis. Improve and record the test process in detail, formulate a set of corresponding test specifications and operation process, and provide the basis and reference for other subsequent tests. At the same time, the cost of equipment is also an important consideration in the process of building the test bed. The cost and construction cost of seawater pipeline are related to the depth of water intake, and are the key components of the construction of marine thermal energy. The impact of the depth of deep sea water intake will be fully considered in the later study to reduce the construction and later maintenance costs of seawater pipelines and further reduce the initial investment costs.
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